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SUMMARY 
The decomposition of two Al-Zn-Mg alloys was studied using hard-
ness measurements, high-angle x-ray diffraction, and small-angle x-ray 
scattering measurements. 
Ageing characteristics in the ternary system were determined as a 
function of time, ageing temperature, and composition. Strength was 
correlated to the zone sizes evaluated from the small-angle scattering 
curves. It was found that the nucleation of the intermediate T]' precipi-
tate required a critical zone size. 
The role of magnesium during the ageing process has been found to 
be two-fold; first, magnesium affects the initial clustering of zinc to 
form zones and governs the concentration of zinc in the zones, and second, 
magnesium acts as a reversible vacancy trap and the latter plays the 
important role of aiding the ageing phenomenon in the later stages. 
CHAPTER I 
INTRODUCTION 
The age hardening phenomenon was first discovered, by A. Wilm in 
1905. It is found to occur in alloy systems which can form supersaturated 
solid solutions and then reject the solute when aged at low or intermediate 
temperatures. Binary or ternary alloys in which the solid solubility of 
one metal in another decreases with temperature are often subjected to 
this treatment. The complete heat treatment consists of first "solution-
izing" by heating into the single-phase region, holding there long enough 
to dissolve all. existing soluble precipitate particles, and then rapidly 
quenching into the two-phase region. The rapidity of the quench prevents 
the formation of the equilibrium precipitate and results in a supersaturated 
solid solution. Subsequent ageing at low temperatures results in the forma-
tion of transition structures called the Guinier-Preston zones, after the 
men who first identified these structures by x-ray diffraction. The 
strengthening that occurs on ageing is due to the formation of the Guinier-
Preston zones, or due to the appearance of an intermediate precipitate. 
This is due to the fact that the precipitates have a higher shear modulus 
than the matrix or lead to local distortions and strain fields which im-
pede the motion of dislocations. Age hardening is found to occur fairly 
frequently in aluminum alloys. 
The high tensile properties obtained by ageing ternary aluminum-zinc-
1 2 
magnesium alloys was first reported by Sander and Meissner ' . They ob-
2 
served that these alloys had a greater strength than the known aluminum 
alloys; however, the susceptibility to stress corrosion cracking of the 
ternary alloys prevented their commercial development. During World War 
II when a great demand arose for new materials, Interest was revived again 
in these alloys. The studies that followed led to the discovery that the 
addition of manganese, chromium, and copper appreciably enhanced the 
resistance to stress corrosion cracking. The aluminum-zinc-magnesium alloys 
soon found widespread applications, especially in the production of pres-
sure vessels, military vehicles (for example, tanks), cryogenic apparatus, 
aircrafts, and missiles. 
Since the development of the alloys numerous investigations have 
been made on isolated alloys belonging to the ternary system, to determine 
the nature of the ageing process. The techniques used to study these 
changes induced by heat treatment have, in general, been of two types: the 
structural approach in which the methods of electron microscopy or x-ray 
diffraction are applied to the study of the alloy structure, and the kine-
tic approach in which the variation of some property such as hardness or 
electrical resistivity is measured as a function of time and temperature 
of ageing. Chapter II is a comprehensive review of the results of some of 
these investigations. 
As will be seen later in this review, these studies have established 
only one aspect of the ageing process, that is, the ageing phenomenon is 
fairly complex. Furthermore, since individual techniques have been applied 
independently of one another, the one-to-one correspondence between struc-
ture and property which has been assumed in most cases may be questioned. 
The studies have attempted to follow only changes in mechanical property 
with ageing, or, they have concentrated on structural changes alone. In 
view of this, a correlation of structure and property during the ageing 
of Al-Zn-Mg alloys was considered important. 
In the present investigation hardness measurements were made as a 
function of ageing time and temperature. At various intermediate stages 
the structure was characterized by small-angle scattering measurements, 
high-angle x-ray diffraction measurements, and electron microscopy. By 
these means it is felt that a more complete understanding of the ageing 





The first equilibrium diagrams for the Al-Zn-Mg system were deter-
3 h 
mined by Koster and co-workers ' . Figure 1 shows the binary phase dia-
grams of Al-Zn, Al-Mg, and Mg-Zn along with the room temperature phase 
fields of the ternary system, as determined from metallographic examina-
tions . 
5 
X-ray and electrical resistivity studies by Fink and Willey have 
established the phase relationships at various temperatures for the aluminum 
rich corner of the ternary system„ The phase boundaries at 200 C, deter-
mined from such an examination, are shown in Figure 2, and these boundaries 
are very close to their expected position at room temperature. Both alloys 
studied in the present investigation, as indicated in Figure 2, are in a 
region where the primary aluminum solid solution is in equilibrium with 
the binary MgZnp phase. Finally, the isotherm of the ternary system at 
!+6o C is shown In Figure 3. This is the temperature chosen for the solu-
tion treatment since this temperature lies well within the single-phase 
field for the alloys under study. 
Mechanical Properties 
7 
Herenguel and Chaudron , working with Al-5 weight percent Mg alloys 
containing 33 55 and 7 weight percent Zn, made one of the first attempts 
to determine the changes in mechanical properties during the ageing of 
5 
Figure 1. Equilibrium Phase Relationships in the Ternary Al-Zn-Mg System 
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Figure 2. Constitution Diagram of the Ternary Al-Zn-Mg System at Various 
Temperatures (Fink & Willey). 
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Figure 3. The Isotherm of the Ternary Al-Zn-Mg System at h60 C. 
these ternary alloys. For all three alloys the room temperature ageing 
over a period of l80 days exhibited a linear variation in the hardness 
o 
versus logarithmic time curve. Graf , working on an alloy containing 3 
weight percent Mg and 7 weight percent Zn was, however, able to observe 
a hardness peak when the alloys were aged at 135 C for a period of 6 hours. 
The peak hardness obtained was approximately three times the as-quenched 
hardness. 
On ageing a slightly more concentrated ternary alloy (8 weight per-
cent Zn and k weight percent Mg), Koster and Kam demonstrated the complex-
ity of the ageing process. Ageing was carried out at 20 , 100 , 150 , and 
200 C. For 20 C ageing no peak in the hardness curve was seen. At 100 C 
a two-stage hardening was observed. After a rapid initial increase in 
hardness (from an as-quenched value of 86 V.P.N, to 12*4- V.P.N, in one 
hour)j there was no change in the hardness for a period of 2 hours. This 
was followed by a second-stage in which the hardness reached a peak of 
1*4-2 V.P.N, in 10 hours. Ageing at 150° and 200°C resulted in hardness 
peaks of 163 and 152 V.P.N, after periods of 10 hours and 1 hour, respec-
tively. 
Realizing the need for a more fundamental understanding of the age-
ing phenomenon, Polmear ' began a systematic study of the ageing char-
acteristics of a wide range of aluminum-zinc-magnesium alloys. The basic 
zinc contents in these alloys were *4-3 6, and 8 weight percent and the 
magnesium contents ranged from 0 to 3 weight percent. Ageing was carried 
out at regular temperature intervals between -20 and +2*4-0 C and for periods 
up to 2 years. Two-stage hardness curves appear for the Al, k weight per-
cent Zn, 0.*4- weight percent Mg alloy at 60 C, and for the Al, k weight per-
cent Zn, 1 weight percent Mg alloy at 90 C. For the Al, 8 weight percent 
Zn alloys with 0.̂ - and 1 weight percent Mg contents aged at 90 C there 
occurs a rapid increase in the hardness immediately after the quench, 
followed by a slower increase in the hardness. This is followed by rapid 
hardening which leads to a peak. At 60 C, however, only a linear harden-
ing is observed„ From the incubation times at different ageing tempera-
tures, Polmear , after the method of Hardy , obtained a series of inter-
secting "C-curves" representing the various stages in the ageing process. 
The first of the two stages was attributed to the formation of Guinier-
Preston zones and the second to the formation of an intermediate precipi-
tate (called the T]7 precipitate) „ Using these results Polmear was able 
to construct the metastable boundary for the G-P zone formation, 
Structural Studies 
X-ray Studies 
One of the earliest investigations to determine the structural 
changes in the Al, 6 weight percent Zn, 2 weight percent Mg ternary system 
12 
was made by Mondolfo, Gjostein, and Levinson using Debye-Scherrer, Laue, 
and Geisler-Hill type techniques. Txhey found that upon ageing at low 
temperatures (less than 200 C) the binary MgZnp precipitate formed. The 
precipitation of the binary phase started with the formation of G-P zones 
on the matrix {ill} planes. This was followed by the formation of a tran-
sitional hexagonal lattice similar to MgZn possessing different lattice 
parameters. Ageing above 300 C resulted in the ternary precipitate 
(AlZn), MgOQ, and at intermediate temperatures both phases formed. These 
13 1̂-conclusions were corroborated by the findings of Graf 5 who studied 
10 
Al, 7 weight percent Zn, 3 weight percent Mg, and Al, 9 weight percent 
15 
Zn^ 1 weight percent Mg alloy single crystals. Graf inferred from the 
small-angle scattering patterns that the size of the zones increased with 
zinc content and the G-P zones in the ternary alloy remained spherical in 
shape as they do in the Al-Zn binary alloys. An anomalous effect was also 
observed. The central ring at small angles was narrower and more intense 
for identical heat-treatments when the proportion of Zn to Mg was increased,, 
This seemed to indicate that the zones causing the small-angle scattering 
occupied a larger volume fraction as the magnesium content was reduced. 
A possible explanation for this is that the zone composition altered as 
the relative amount of zinc was varied. This, however, fails to explain 
the fact that the large-angle scattered patterns remain unchanged, 
17 
Guinier proposed another reason for this phenomenon. According to his 
hypothesis, two types of zones exist at the same time in the ternary system, 
one containing magnesium and zinc, and the other containing pure or nearly 
-i O 
pure zinc. The two-zone hypothesis was used also by Gould and Starke to 
explain the reversion process in Al, 12.9 weight percent Zn, 0.66 weight 
percent Mg and Al, 12.8 weight percent Zn, 0.2U weight percent Mg alloys. 
They found that an unreverted portion persisted in the small-angle scat-
tered intensity even after long reversion times. 
It was also observed by Graf that diffuse spots which occurred in 
the oscillation photographs were not centrally placed. This seemed to 
suggest the existence of some type of order in the interior of the zones. 
The ordering of atoms within the zones was established by Schmalzreid and 
16 
Gerold working on an Al, 6.3 weight percent Zn, 3.5 weight percent Mg 
alloy. They proposed a structure with alternate {l00} planes of zinc and 
11 
magnesium. In extending these results to a Al, 7.6 weight percent Zn, 0.86 
28 
weight percent Mg alloy, Haberkorn and Gerold discovered that the struc-
ture of the ordered zone changes from an AuCu I type to an AuCu II type, 
with the excess zinc replacing magnesium in the antiphase domain boundary 
that forms in the latter structure. Also, a tetragonal structure results 
due to strong lattice distortions in the a-direction in the magnesium-poor 
alloy. 
Electron Microscope Studies 
During the early days of electron microscopy, several replica tech-
niques were applied to follow the ageing of the aluminum-zinc-magnesium 
20 21 22 
alloys ' ' . The results obtained by these methods were not in complete 
agreement with those found by x-ray diffraction. However, in more recent 
years with the development of a generally applicable electropolishing tech-
nique, a range of alloy compositions in this system have been studied. 
23 
Early work by Nicholson, Thomas, and Nutting revealed a completely 
homogeneous type of pre-precipitation. The initial stages of ageing could 
not be studied however, as the first clusters formed are smaller than the 
lower limit of the resolution of the electron microscope. Thus, the 
Guinier-Preston zones could be observed only after they had reached a cer-
tain size, generally about 10 A. The later stages showed the existence of 
a partially coherent precipitate which, from electron diffraction patterns 
was found to lie on the {ill} planes of the matrix, confirming the results 
of Mondolfo et al, referred to earlier. It was also observed that the 
intermediate precipitate was formed by transformation of the coherent zones 
to the partially incoherent structure which characterizes the intermediate 
precipitate. It appeared that the smaller zones which remained untrans-
12 
formed around the precipitate then dissolved in the matrix. Therefore, 
it was suggested that a dispersion hardening mechanism then operated in 
these alloys when the intermediate precipitate had formed. The alloys 
were found to soften when coarse precipitates, completely incoherent with 
25 
the matrix, formed. Further studies by Nicholson, Thomas, and Nutting 
revealed that dislocations pass through zones and partially coherent 
precipitates by a process of cross-slip. Little evidence was found by 
these workers of any preferential nucleation of the intermediate precipi-
tate along single dislocations. From this and from a study of the effect 
26 
of sub-grain structure, Ho11 concluded that the controlling factor for 
the nucleation of the intermediate precipitate was probably not the vacancy 
concentration (trapped during the quench from the high temperature) but a 
27 critical zone size. Embury and Nicholson maintained, however, that the 
apparently homogeneous nucleation of precipitates within the grains was 
largely governed by the concentration and distribution of vacant lattice 
sites,, It should also be pointed out that the last two workers found 
streaks along the <111> directions in the electron diffraction patterns. 
These could be attributed to a f.c.c. transition phase analogous to the 
a intermediate precipitate in the aluminum-zinc system. 
From the above review of the literature it is evident that the pro-
cess of pre-precipitation in the ternary Al-Zn-Mg alloy system has not 
been completely explained. The aged structure and the ageing sequence obvi-
ously depend on the composition (for example, the Mg:Zn ratio affects 
the nature of ordering within the zones), and the heat treatment (for 
example, the ageing temperature may be above or below the upper tempera-
ture limit for G-P zone stability). For the present study, therefore, it 
seemed worthwhile to investigate the ageing sequence of two alloys of the 
same Zn but different Mg contents, so that the dependence of the structure 





Preparation of Specimens 
Melting 
The metals used for alloy preparation were high purity aluminum 
obtained from the Reynolds Metals Company, zinc obtained from the American 
Smelting and Refining Company, and magnesium obtained from the Dow Chemi-
cal Company. The lot analyses of the aluminum and zinc are given in 
Table 1. Lot analysis of the magnesium was not available but the triply-
distilled form of the metal used assured at least 99«99 percent purity. 
Table 1. Lot Analyses of Aluminum and Zinc 
Aluminum 
Element (wt. %) Zinc 
Sb Not detected 
Ti Not detected 
Mg .001 1 ppm 
Mn Not detected 
Pb 1 ppm 
Sn Not detected 
Si .001 < 1 ppm 
Cr Not detected 
Fe .001 < 1 ppm 
Ni Not detected 
Cu .002 1 ppm 
Al Balance Not detected 
Ca Not detected 
In Not detected 
Cd Not detected 
Ag 1 ppm 
Zn Balance 
15 
Two alloys were prepared by melting the charge in a graphite cruci-
ble using an electric resistance furnace. The magnesium was placed in a 
hole drilled in an aluminum block and the block was placed in the crucible 
and heated to just above the melting point of aluminum. When this charge 
was molten the zinc was added. The ingots weighed approximately 250 grams 
and were about 2.\ inches x 1-|- inches x 1 inch in size. 
The nominal compositions of the two alloys prepared in this manner 
are given in Table 2A. Chemical analysis by the analytical Chemistry Group 
of the Oak Ridge National Laboratory gave the final composition, shown in 
Table 2B. 
Table 2A. Nominal Composition of Alloys Examined 
ALLOY 1 ALLOY 2 
(Wt. Percent) (Wt. Percent) 
Mg 0.5 1.0 
Zn 6.5 6.5 
Al Balance Balance 
Table 2B. Chemical Analyses Composition of Alloys Examined 
ALLOY 1 ALLOY 2  
Wt. Percent At Percent Wt. Percent At Percent 
Mg 0.51 0.72 0.71 1.09 
Zn 5.77 2.^6 5.82 2.̂ 7 
Al Balance Balance Balance Balance 
16 
Heat Treatment 
Homogenization. The as-cast ingot was cut into 3/̂+ inch x 1 inch 
x 1-|- inch plate and these plates were soaked at 200 C for a period of two 
weeks to eliminate the low melting point eutectics. Following this pre-
liminary homogenization the as-cast structure which persisted was broken 
down by a controlled schedule of rolling and intermediate annealing treat-
ments, The cross-sectional area was thus reduced 50 percent and the final 
homogenization was accomplished by holding the plates at 500 C for one week. 
Photomicrographs of the two alloys in the as-cast condition and after homo-
genization treatment are shown in Figures ^(a) and U(b) and Figures 5(a) 
and 5(h), respectively. 
Age-hardening Heat Treatment. This consists of solution heat treat-
ment, quenching, and subsequent ageing at some low temperature. The solu-
tion heat treatment was carried out in a tube furnace with a uniform tempera 
ture zone of about 2 inches. The temperature for attaining the single-phase 
structure was chosen based on considerations of maximum uniformity of 
structure (i.e., complete recrystallization) and a minimum, or at least a 
constant precipitate-free zone width next to the grain boundary. It has 
30 31 
been found by Taylor and Murakami, et al that the solution treatment 
is best carried out above ^+0 C, and particularly at U60 C. It is seen 
from the phase diagram In Figure 3 that at this temperature both alloys are 
well within the single-phase region. 
An iced brine quench was used for all hardness samples. For the 
x-ray and electron microscopy foil specimens a direct quench into water at 
20 C was employed. The x-ray powder filings for x-ray diffraction were 
quenched into iced brine bath in their pyrex capsule. The tube imploded 
17 
Figure k(a.) . Photomicrograph of As-cast Al, 2.k6 At. Percent Zn, 0.72 
At. Percent Mg Alloy (Magnification lUO X). 
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Figure 5(a). Photomicrograph of Homogenized Al, 2.h6 At. Percent Zn, 
0.72 At. Percent Mg Alley (Magnification 1̂ 0 X). 
Figure 5(h). Photomicrograph of Homogenized Al, 2.^7 At. Percent Zn, 
1.09 At. Percent Mg Alloy (Magnification 1̂ 0 X). 
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due to the thermal shock and thus a rapid quench was obtained. 
Three temperatures were chosen for ageing. These were 50 , 75 •> anc^ 
135 C, all three being below the upper temperature limit for the G-P zone 
stability as determined by Polmear . Ageing was carried out in oil baths 
controlled to ± 1 C. The foil samples for the isothermal small-angle 
scattering studies were aged in the camera in a special sample holder de-
32 scribed elsewhere . Photomicrographs of the two alloys, aged to maximum 
hardness are shown in Figures 6(a) and 6(b)„ 
Foil and Powder Preparation 
For small-angle x-ray studies and for transmission electron micro-
scopy thin metal foils were needed. These were obtained by alternate cold-
rolling, between two strips of stainless steel, and annealing treatments. 
The optimum thickness for transmission x-ray studies is ±/\i, where \i is 
the absorption coefficient of the sample for the radiation used. For the 
alloys under study this was approximately 0.07 mm. All the foils were de-
greased by washing in ethanol before being subjected to any heat treatment. 
Foils for the electron microscopy study were obtained by electropolishing 
the suitably heat-treated material. The high temperature of stress-reliev-
ing and solution treatment resulted in the formation of a passive oxide 
film on the surface of the foil. It was thus necessary to remove this, 
prior to electropolishing, by chemically polishing in a solution of 5 per-
cent HN0„, 25 percent HpS0, , and 70 percent Orthophosphoric acid, and then 
rinsing in water. 
The method used for electropolishing was a modification of the 
37 29 
methods of Glenn and Raley , and Nicholson, Thomas, and Nutting . An 





Figure 6(a). Photomicrograph of Al, 2,h6 At. Percent Zn, 0.72 At, 
Percent Mg Alloy Solution Treated at ^60°G and Aged 
at 135°C tQ Maximum Hardness (Magnification 100 X). 
Figure 6(b). Photomicrograph of Al, 2.kf At. Percent Zn, 1.09 At 
Percent Mg Alloy Solution Treated at h60°C and Aged 
at 135°C to Maximum Hardness (Magnification 100 X). 
21 
steel cathode and with the sample serving as the anode. The edges of the 
foil were coated with lacquer to prevent any preferential polishing of 
these areas. The temperature for sufficiently slow electropolishing was 
found to be critical and was maintained below -k-5 C by immersing the cell 
in a bath of dry ice and acetone. Under these conditions thinning occurred 
uniformly with a voltage of about 10 volts, 
Fine powder required for the x-ray powder diffraction patterns was 
obtained by filing a homogenized plate using a fine jeweler's file. The 
filings were magnetically separated from iron filings and were then sieved 
through a 200-mesh nylon screen. 
Examination of Specimens 
Metallography 
The representative samples to be studied metallographically were 
mounted in "Quickmount" self-setting resin. The samples were ground flat 
and the flat surface was polished through 600 grit silicon carbide paper, 
followed by rough wheel polishing through 0.3 |J« aluminum oxide. The final 
polishing was accomplished by polishing on "microcloth" using heavy mag-
nesium oxide suspended in distilled water as abrasive. In all cases an 
aluminum polishing wheel was used to prevent possible electro-corrosion 
due to a wheel less electro-negative than the samples. All the specimens 
were inspected under the microscope in the as-polished condition and no 
abnormalities were observed. The specimens were etched lightly with dilute 
Keller's solution (l percent HF, 1,5 percent HC1, 2.5 percent HN0„, and 
95 percent HQ0), given a microcloth polish, and re-etched for observation. 
22 
Hardness Measurements 
The hardness of polished samples, after quenching and ageing for 
various lengths of time, was obtained by using a Vickers tester„ Generally 
one hardness sample was used for a particular temperature and three read-
ings were taken on each occasion. Five and 10 Kgm loads were employed for 
the testing, 
X-ray Measurements 
Small-angle Measurements., The diffracted intensity in the range 
0„25 to k (angles in 20) was measured with counter•techniques, using a 
Kratky camera, A schematic illustration of the small-angle scattering 
apparatus used is given in Figure 7. 
In order to understand the geometry, consider first Figure 8, which 
shows an early design of a small-angle scattering device. The first pair 
of apertures,.S and Sp, normal to the plane of the figure, have an open-
ing of the order of 0,1 mm, and they define the incoming beam,. The third 
slit, S , eliminates scattering due to the edges of S0„ With this arrange-
j 2 
ment it is not possible, however, to study the scattered intensity in the 
region Z„ This shortcoming was eliminated in the device described by 
3I4 
Kratky and shown in Figure 9° The horizontal surface of the blocks Bp 
and B~ are normal to the plane of the figure. The primary beam is initially 
defined by the slit formed by B and Bp edges. The extended plane face of 
Bp and the lower face of B further limits the beam. Thus, no undesired 
diffraction occurs above the line H* As seen in Figure.9 this is easily 
realized in the present apparatus. 
In the present study Ni filtered Cu radiation at 30 mA, ̂ 0 Kv was 
used for all the specimens„ .Two pairs of entrance and exit slits were 
23 
Figure 7. Schematic of a Small-angle S c a t t e r i n g S e t - u p . 
2k 
FILM 
Figure 8. An Early Design of a Small-angle S c a t t e r i n g Camera. 
Figure 9. A Kratky Small-angle S c a t t e r i n g Camera Set-up for Photographic Recording. The Guinier 
de-Wolff Focussing Camera Used for Powder Di f f r ac t ion Studies i s Shown. [vi 
VJI 
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employed and the centroid of the beam in each ease was determined to mark 
the zero scattering angle (20 = 0 )„ These were: 
(a) Entrance slit - 101 \i 
Exit slit - ^00 |i 
Centroid of primary beam (elevation) - 21^6.9 M-
(b) Entrance slit - 60 |i 
Exit slit - 200 |i 
Centroid of primary beam (elevation) - 2297 |i 
The centroid of the beam was determined by obtaining the beam profile using 
a 50 n exit slit. The background, determined by using a pure Al foil 0.021 
inches thick and having an attenuation factor (T) = 0.33768, was used to 
correct the small-angle scattered intensity at all elevations„ 
Solution treated and aged foils of both alloys were cooled by pass-
ing air through a copper coil immersed in liquid nitrogen. Step scanning 
was effected at intervals of 200 |i with a fixed time of 100 seconds, up to 
an elevation of 6800 (i. The step scanning interval was changed, there-
after, to 1000 p, up to a maximum of 16200 \i, 
The continuous isothermal ageing studies of the foils were made at 
two temperatures, 75 C and 135 C. The ageing of the foils was carried out 
in the sample holder referred to earlier and the change in the scattered 
intensity was followed at a fixed elevation of ^357 M- (corresponding to 
0.0103 radians). 
The scattered intensity obtained was corrected for background and 
then converted to give relative absolute intensity. This was done by com-
paring each measured intensity with the intensity scattered by a Lupolen 
standard at an angle corresponding to a Bragg value of 150 A. The Lupolen 
used had previously been calibrated by 0. Kratky. Use was then made of 
the following relation: 
I = 1/92.2 [" (counts/sec.)^ _ _n * x a x T 1 /F o ' L v ' Lup, 150 A sample/ 
I then represents the intensity of the primary beam weakened by the 
scattering sample. In the above, a is the distance between the sample and 
the plane of registration, and F is the detector slit area. The constant 
92.2 contains the attenuation factor for the Lupolen standard. By normal-
izing the scattered intensity (i) at each elevation by I , the relative 
absolute intensity is then obtained. A detailed discussion of the theory 
of SAS is given in Appendix A. 
Measurements above 29 = 10 . A General Electric XRD-6 diffracto-
meter was used to measure the diffuse scattering for the angular range 
between 29 = 10 to 29 = 28 . The Warren doubly-bent monochromator was 
used and the experimental arrangement is shown in Figure 10. Since diffuse 
intensities were being studied, air scattering was eliminated by evacuating 
the column around the specimen. CuK radiation at 35 kV and 20 mA was 
used. Balanced Ni and Co filters were employed in the primary beam to eli-
minate extraneous radiation and fluorescence due to X/2 wavelength. Pulse 
height discrimination was also applied in conjunction with a proportional 
counter. The baseline voltage was 1.8 volts and the window was 2 volts. 
A 0.2 receiving slit was used in all cases. An accumulated count of 
10,000 counts was allowed for the Ni filter. The average time taken for 
this count was then the fixed time for counting with the Co filter in the 
beam. 
Figure 10. The Gene ra l -E l ec t r i c X-ray Diffractometer Used in the Present Research CD 
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Since the time required for the step scanning was fairly large, it 
was necessary to minimize the changes during the period of study. This 
was done by cooling the specimen to a temperature of -̂ +0 C by means of a 
cryostat, Thus, thermal diffuse scattering was also minimized. 
Powder Diffraction Patterns, Powder diffraction patterns were ob-
tained on a Nonius-Guinier de Wolff focussing camera. The principle of 
the geometry is the well-known Guinier type focussing. A bent crystal 
reflects K radiation from the target into a sharp focal line. This is a 
a 
Bragg reflection; therefore each ray converging to the focal line is the 
reflection by the crystal planes of a single, well defined ray in the pri-
mary beam from the target. The crystal is a quartz slab cut at an angle 
of h\ with the (101) planes. It is bent in a slightly asymmetric way so 
as to approximate a logarithmic spiral, the center of which is at the 
focal point. 
Figure 9 shows the Guinier camera as used in the present investiga-
tion, i.e., in the vertical position. The x-ray tube was operated at 50 kV 
and 20 mA. By evacuating the camera it was possible to reduce the back-
ground greatly,, Under these conditions it was possible to obtain the 
diffraction lines due to extremely weak reflections. 
Electron Microscopy 
The electron microscopy observations were made of thin foils of the 
two alloys using a Phillips EM 200 electron microscope, with a metallurgi-
cal stage. As the foils oxidize rapidly it was found necessary to use a 
liquid nitrogen decontaminating device (referred to as the cold finger). 
In summary, the methods used in the present investigation were: 
metallography, electron microscopy, powder diffraction, diffuse and small-
30 
angle x-ray investigations for structure studies, and hardness measurements 




The ageing sequence in two ternary Al-Zn-Mg alloys has been studied 
in terms of their structure and strength. The choice of two compositions, 
Al, 5.82 weight percent (2.^7 at percent) Zn, 0.71 weight percent (1.09 at 
percent) Mg, and Al, 5.77 weight percent (2.h6 at percent) Zn, 0.51 weight 
percent (0.72 at percent) Mg, permitted a study of the effect of Mg:Zn 
ratio on the ageing phenomenon in these alloys. Hardness measurements 
provided an indication of the strength as well as the progress of ageing 
and was thus used to select the ageing times and temperatures for x-ray 
investigation. Powder diffraction methods and diffuse x-ray investigations 
were undertaken to obtain detailed information on the nature of the struc-
ture responsible for the hardening while small-angle scattering studies 
were used for quantitative analysis of the size and volume fraction of 
the G-P zones at various stages of ageing. 
Hardness - Time Results 
The hardness of the two alloys was determined as a function of age-
ing time and ageing temperature. Figures 11, 12, and 13 show the hardness 
versus logarithm of time plot of these measurements for the magnesium-poor 
(0.72 atomic percent) alloy aged at 50 , 75 , and 135 C. For the 50 C 
ageing, it is observed that only linear hardening occurs over the entire 
period of examination. Ageing at 75 C also produces no overageing. Upon 
ageing at 135 C, however, the pattern of hardening changes and appears to 
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Figure 13. Results of Hardness Measurements Upon Ageing at 135°C 
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occur through a series of stages. Thus, from an as-quenched hardness of 
30 Vickers Pyramidal Number (VPN), hardness increases linearly up to k-Q VPN 
in about 6 hours; this is followed by a period of accelerated hardening 
during which the hardness increases very rapidly. This lasts for about 5 
hours. The hardness then levels out until about 35 hours of ageing, after 
which the hardness increases rapidly again to a peak hardness of 70 VPN. 
Overageing is seen to result after 110 hours. 
The figures also show the variation of the hardness with time for 
the magnesium-rich (1.09 atomic percent) alloy for the three ageing tempera 
tures used. As in the previous case, linear hardening without overageing 
is observed only when this alloy is aged at either 50 or 75 0. Again the 
nature of the ageing process changes for ageing at 135 C and it is seen 
that a two-stage hardening sequence is exhibited in this case. A linear 
increase in hardness from ^0 VPN to 86 VPN occurs in the first 2.\ hours, 
followed by a period of constant hardness. Rapid hardening occurs imme-
diately thereafter but after this the hardness continues to increase at a 
diminishing rate until a peak hardness of 120 VPN is attained after 60 
hours of ageing, 
Small-angle Scattering Results 
The results of the small-angle scattering experiments on the mag-
nesium-poor alloy are shown in Figure lk, which is a plot of the relative 
absolute diffracted intensity versus 28. The scattering from the alloy, 
after the solution-heat treatment and in the as-quenched condition is seen 
to be negligible. Small-angle scattered intensity is found to increase 
with progressive ageing and appears to get concentrated in a narrower re-
36 
Figure ik. X-ray Small-angle S c a t t e r i n g Resu l t s for Al , 2>h6 At 
Percent Zn, 0.72 At . Percent Mg Aged a t 135°V. 
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gion about the primary beam. Figure l6 shows the variation of the normal-
ized integrated intensity with time at 135 C. A steady increase of the 
integrated intensity occurs in the initial stages but at the later stages 
the intensity increases rapidly. This anomalous increase in the integrated 
intensity takes place when the intermediate precipitate is thought to 
appear and hence is attributed to particle size effects of this phase. 
The results of the isothermal ageing treatments for this alloy are shown 
in Figures 17 and 18 for the two ageing temperatures 75 and 135 G. 
The results of similar experiments on the magnesium-rich alloy are 
given in Figures 15 through 18. 
The size of the zones at various stages of ageing were obtained by 
using the Guinier approximation of the scattered intensity, utilizing 
2 
the slope of a logarithm of scattered intensity versus e (e is the scatter-
ing angle) plot. The results of such an analysis are given in Table 3. 
The variation of the zone radius upon ageing at 135 C for the two alloys 
is shown in Figure 19. 
Powder Diffraction Patterns 
Table k shows the d values greater than 2 A, which appear in the 
powder diffraction patterns for specimens of the two alloys aged for 
various times at 135 C. Also tabulated are the spacings of the terminal 
solid-solution of aluminum, MgZn , MgZn, and ALO , The diffraction lines 
o 
for d values greater than 3 A were obtained using the diffractometer and 
plate specimens; this was necessary because of the extremely diffuse nature 
of the lines in the powder patterns. The effect of preferred orientation 
was negligible on the low-angle diffuse lines. 
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Figure 15 . X-ray Small-angle S c a t t e r i n g Resu l t s for Al , 2 .^7 At. 
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Figure l6. The Variation of Integrated Intensity with Time Upon 
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Figure 18. X-ray Small-angle S c a t t e r i n g a t 29 = 0.0103 Radians Upon Iso thermal Ageing a t 135 C 
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Table 3. Results of the Calculated Zone Radius and Integrated Intensity 
Al, 2.k6i Zn, 0.72$ Mg Al, 2Mi Zn, 1.09$ Mg 
CO UJ 
Ageing Time « 2 ° P 
(in hours) R (in A) k s E(s) ds x 10 R (in A) k s E(s) ds x 10' 
As quenched 13. ̂ 5 5.9 13-91 10. ̂  
1 18.01 6.3 
2| 30.75 1̂ .9 
3 25.17 6.9 
5 30.3 9-7 35.16 23,5 
12 k2.13 13. *+ 
16 ^5.35 ^3.3 
22 43.3 15.1 
38 U9.6 20.5 
h5 ^5-5 16.O 
59 53.5 23.2 
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Figure 19. The Variation of Zone Radius with Time Upon Ageing at 135 C 
Table 1*. Summary of d Values (A) for Powder Specimens, a A l , (Al 0 ) , MgZn, MgZn, 
A l A 1 2 0 3 MgZn MgZn2 
A l , 2.1*6$ Zn, 0 . 7 2 $ Mg A l , 2.1*7$ Zn, 1 .09$ Mg 
As 
Quenched 
2 ^ H r s . 
0 
135 C 
38 H r s . 
135°C 






38 H r s . 
135°C 




6 : 8 DB 6 . 5 DB 6 . 8 DB 6 . 5 DE 6 . 5 DB 
6 . 0 ^ 1 5 .9 DB 
5 .02 
1*.1*6 U.67 if .67 1+.67 U-.667 1+.667 l*.667 
1+.26 ^ . 2 0 1*.3 
i*.o4 3 .95 U.15 
3 . 6 1 l+.ol* i*.o^ k.ok k.ok 1+.0U i*.oi* i*.oi+ 
3 . 3 DB 3 . 3 DB 3 . 3 DB 3 . 9 3 . 3 DB 3 . 3 DB 3 . 3 DB 
2 . 5 5 2 . 5 8 2 . 8 5 2 .85 2 . 8 5 2 . 8 5 2 . 8 5 2 . 8 5 2 . 8 5 2 . 8 5 2 . 8 5 
2.k 2.1* 2.kk 2.M 2.kh 2.1*1* 2.1*U 2.1*1* 2M 2.1*1* 
2 . 3 ^ 2 . 3 3 2 . 3 3 2 . 3 3 2 . 3 3 2 . 3 3 2 . 3 3 2 . 3 3 2 . 3 3 2 . 3 3 
2 . 2 3 2 . 2 
2 . 0 8 2 . 1 2 . 0 8 2 . 0 8 2 . 0 8 2 . 0 8 2 . 0 8 2 . 0 8 2 . 0 8 2 . 0 8 2 . 0 8 
2 . 0 3 2 . 0 2 2 . 0 2 2 . 0 3 2 . 0 3 2 . 0 3 2 . 0 3 2 . 0 2 2 . 0 2 2 . 0 2 2 . 0 2 
, , 
DB = Diffuse Band 
^ 
Electron Microscopy 
Electron microscopy was restricted to studies of the alloys aged 
to maximum hardness. The precipitate size determined by microscopy seems 
to compare well with those obtained by small-angle scattering. Figure 20 
is an electron micrograph of a fully aged magnesium-poor alloy. An elec-
tron micrograph for a similarly aged magnesium-rich alloy is shown in 
Figure 21. There was ample evidence of preferential precipitation on dis-
29 locations similar to the observations of Nicholson, Thomas, and Nutting . 
An electron micrograph of such a dislocation decoration is shown in Figure 
22. Formation of coarse precipitates at the grain boundaries, which is 
another preferred site for precipitation, was also observed and is seen 
in Figure 23. 
h6 
Figure 20. A Transmission Electron Micrograph of Al, 2.h6 At, Percent 
Zn, 0.72 At. Percent Mg Alloy Aged at 135°C to Maximum 
Hardness. (Microscope Not Calibrated for Magnification). 
7̂ 
Figure 21. A Transmission Electron Micrograph of Al, 2.UT At, Percent 
Zn, 1.09 At. Percent Mg Alloy Aged at 135°C to Maximum 
Hardness. (Microscope Not Calibrated for Magnification). 
kd 
Figure 22. A Transmission Electron Micrograph Showing Dislocation 
Decoration by Guinier-Preston Zones in Al, 2.h6 At. Percent 
Zn, 0.72 At. Percent Mg Alloy. 
Figure 23. A Transmission Electron Micrograph Showing the Effect of 
Grain Boundary Precipitation in Al, 2,h6 At. Percent Zn, 
0.72 At. Percent Mg Alloy. 
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CHAPTER V 
DISCUSSION OF RESULTS 
In the as-quenched state the two alloys examined, Al, 2.U6 percent 
Zn, 0.72 percent Mg and Al, 2.^7 percent Zn, 1.09 percent Mg, do not 
appear to be wholly homogeneous„ Small-angle scattering is little, suggest-
ing that the extent of the heterogeneities formed during the quench is ex-
tremely small. The integrated intensity, Q, , calculated from the scatter-
ing curve indicates a higher value for the 1.09 percent Mg alloy than for 
the 0.72 percent Mg alloy. Also, it is seen that a large as-quenched hard-
ness difference exists which cannot be completely accounted for by the 
solid-solution strengthening effect of magnesium. High-angle x-ray diffrac-
tion was employed to analyze this difference. Extremely diffuse lines 
occurred in the 1.09 percent Mg alloy which could be attributed to MgZn . 
These lines were not detected when the lower magnesium alloy was examined 
under similar conditions. Thus, the large difference in the hardness of 
the two alloys in the as-quenched state is explained as being due to the 
following effects. 
1. Solid-solution strengthening which accounts for only 5 to 6 per-
cent of the observed 25 percent increase in hardness as the magnesium con-
kO 
tent is raised from 0.72 atomic percent to 1.09 atomic percent 
2. Quench clustering, whereby MgZn clusters form during the quench 
in the higher Mg content alloy. Thus, the higher Q in the 1.09 percent 
alloy shows that a larger volume fraction of the quenched-in clusters occurs 
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in this alloy, resulting in greater hardening in this case. This phe-
nomenon of quench-clustering also demonstrates the strong effect of 
small additions of magnesium on the initial clustering process. 
The hardness curve for the 1.09 percent Mg alloy shows a two-stage 
hardening when aged at 135 C, with a linear initial stage. This fact, 
along with the observation of MgZn in the as-quenched state, suggests 
that no nucleation barrier exists for the formation of the G-P zones in 
this alloy. There is a rapid growth of the zones from about ik A radius 
0 
to 30 A radius, resulting in the rapid hardness increase. The first stage 
is followed by a period of almost constant hardness. There is, however, a 
0 
slight zone growth up to about a 35 A radius, at which time the second 
stage is initiated. It appears that a critical zone size exists for the 
nucleation of T|' intermediate precipitate since this precipitate accounts 
for the hardening in the next stage. 
The appearance of the precipitate structure with resultant hardening 
suggests that the operative strengthening mechanism here is of a dispersion 
hardening type. Maximum hardening is then a result of the combination of 
size and spacing between the precipitates. Softening (or overageing) 
finally results due to coarsening of widely spaced precipitates. 
The hardness curve of the 0.72 percent Mg alloy is more complex. 
Linear hardening is also observed in this case, but the rate of hardening 
is slower than in the 1.09 percent Mg alloy. A simple reason for this is 
that with less magnesium there are fewer magnesium-vacancy associations to 
aid the pre-precipitation process. At a zone size of approximately 25 A 
the hardness increases more rapidly until a zone size of about kO A is 
reached, and then the hardness increase is arrested. It Is observed that 
after this time the zone radius remains essentially constant. The latter 
is an indication of the critical size required for the nucleation of Tj 
intermediate precipitate. With further growth of the T\' precipitate the 
second stage in the hardening curve results. No x-ray studies were made 
to determine the precipitate size changes once it was formed in this alloy. 
Since the increase in zone radius follows closely the changes that 
occur in the hardness curve, it appears that a strong correlation exists 
between the size of the zone and the strength of the alloy. However, it 
must be remembered that a distribution of zone sizes always exists, as is 
evident from the concave nature of the Guinier plot . The sudden accelera-
tion in the hardening rate in the first stage is accompanied by a similar 
rapid increase in zone size. This acceleration in the ageing process is 
kl explained by using the model proposed by Perry 
According to Perry's theory, magnesium plays the role of a reversible 
vacancy trap. Since the magnesium-vacancy binding energy is extremely high 
compared to the zinc-vacancy binding energy in the ternary (0.17 eV as 
compared to 0.05 eV) most of the vacancies associated with the solute, 
immediately after the quench, are attached to the magnesium atoms. The 
vacancy concentration falls with the annihilation of the free excess vacan-
cies at sinks, such as grain boundaries and dislocations. To maintain the 
supersaturated concentration of these vacancies magnesium releases the 
vacancies previously trapped during the quench. Thus, initially solute 
clusters form with the aid of isolated vacancies associated with zinc atoms. 
After ageing has progressed for some time the magnesium becomes activated 
as a vacancy source. This stage marks the accelerated ageing period prior 
to the incubation period for the intermediate precipitate. This model, 
however, must be reconciled in some way with the fact that after the in-
creased rate of zone growth just mentioned, further growth is suddenly-
arrested during the time required for the nucleation of the precipitate 
structure. 
A further observation during the nucleation of the intermediate 
precipitate is that the integrated intensity is fairly constant, thus no 
redistribution of the solute atoms affects the nucleation and zone growth. 
The incubation time in this case then represents the time required to 
transform a fully coherent zone to a semi-coherent precipitate with a uni-
que structure of its own. The constant zone size thus indicates that this 
transformation occurs only when the G-P zones have acquired a certain 
critical size. This observation of a critical zone size for the nucleation 
p/r 
of the T)' precipitate is consistent with the conclusion reached by Holl 
It does not mean, however, that all the zones have ceased to grow. The 
zone size obtained from the small-angle scattering data is the G-uinier 
radius. This radius is known to be weighed in favor of the larger zones 
that occur in the alloy since the x-ray size parameters become ratios 
of moments when a size distribution of particles exist. For the Kratky 
camera, using line-shaped beam, the exact form for the Guinier radius was 
k6 
derived by Baur and Gerold to be: 
JL 
2 
where R is the radius determined from the Guinier approximation and < R > 
G 
is the mean zone radius for the distribution of sizes present. Thus, the 
smaller zones in the alloy keep growing while the zones which have attained 
RG = 
7 
< Rf > 
< R5 > 
^ 
the critical size do not. The smaller zones continue to grow until the 
required critical size is reached. 
In the hardness curve for the Mg-rich alloy an incubation period 
precedes the nucleation of the intermediate precipitate, T| . The parameters 
obtained from x-ray measurements indicate that during this stage a slight 
zone growth does, however, occur. 
For both alloys a considerable increase in the integrated intensity 
is observed with time. As shown in Appendix A, the integrated intensity 
can be related to the volume fraction of the G-P zones and to the composi-
tion of the G-P zones. Therefore, the increase in the value of Q in the 
o 
early stages can be a result of either an increase in the volume fraction 
or due to an increase in the electron density fluctuations between the 
matrix and the zone due to redistribution of the solute. 
k2 
G-erold has shown that the type of alloy being studied decomposes 
homogeneously and that the volume fraction of the zones remain constant. 
^3 Recently, Harkness, Gould, and Hren have shown that in some cases 
(especially in the early stages of ageing) the volume fraction of the zones 
may change. It is, therefore, possible that in the Initial period of age-
ing, immediately after the quench, the increase in Q is due to the progress 
of dissociation of the alloy and the formation of the zones. At later 
stages it is reasonable to assume that the alloy has completely decomposed 
and that the volume fraction of the zones remain constant with time. The 
increase In Q Is, at this stage, due only to the increased difference in 
the electron density of the zone and the matrix. This occurs because of 
the increasing concentration of the zinc in the zones. 
The greater and more rapid increase in the integrated intensity in 
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the 1.09 percent Mg alloy Is probably due to the fact that segregation is 
more severe than in the 0.72 percent Mg alloy, that is, the zones in the 
1„09 percent Mg alloy are richer in zinc This observation is consistent 
kk 
with those found by Iphorski and Bonfiglioli . These workers assumed 
that the volume fraction of the zones does not change, an assumption 
necessary for the determination of the composition of the zones, 
An anomalous increase in the integrated intensity was observed for 
the 1.09 percent Mg alloy at about the same time as the formation of the 
first intermediate precipitates. The formation of the small T\' interme-
J+5 
diate precipitate results in streaking (as shown by Belboech and Guinier ) 
in a manner similar to the particle size effects in high-angle diffraction,, 
This increased scattering diminishes with the growth of T| precipitate so 
that Q, decreases when the precipitate has grown sufficiently. The scatter-




CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
1. Changes in the zone size follow the same pattern as the changes 
in hardness so that a close correlation appears to exist between the 
strength of these alloys with the size of the zones. 
2. A critical zone size is required for the nucleation of the 
intermediate precipitate. The critical zone size appears to be dependent 
on the alloy composition; thus, for the 0.72 atomic percent magnesium alloy 
it is approximately 4-3 A, whereas for the 1.09 atomic percent magnesium 
alloy it is about 33 A. Nucleation of the intermediate precipitate is 
easier in the higher Mg containing alloy. 
3. The role of magnesium as a reversible-vacancy trap has been 
established. It has also been shown that magnesium governs the concentra-
tion of zinc in the zones. 
4-. Higher magnesium content induces a greater extent of quench 
clustering, resulting In large as-quenched hardness difference in alloys 
having only slightly differing magnesium contents. 
Recommendations for Future Studies 
1. Tensile tests should be employed along with the structure 
characterization techniques used in the present study. This is necessary 
because hardness measurements yield relative changes in mechanical proper-
ties, whereas, to correlate the effect of zone size and their distribution 
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to the strength of the alloys in a quantitative manner yield strength data 
will be required. 
2. At least one other ternary alloy and three other binary alloys 
in this system should be studied to determine the nature of the miscibility 
gap at elevated temperatures. 
3. The changes in volume fraction of the zones with ageing should 
be determined by electron microscopy. In the determination of the composi-
tion of zones, workers in this area have assumed that the volume fraction 
of the zones remain constant. 
APPENDIX A 
THEORY OF SMALL ANGLE SCATTERING 
Introduction 
Small-angle scattering of x-rays is a phenomenon utilizing the 
partial diffraction of the incident "beam while passing through a thin 
sample„ Such a scattering effect occurs as a result of differences be-
tween the electron density of small regions (e.g., colloidal particles) 
and the matrix. From the nature of the scattering at low angles it is 
possible to derive information concerning the shape, size, arrangement, 
and volume of these small regions. The general theory and some relevant 
k-8 
applications has been reviewed recently by Gould , and his treatment 
will be discussed briefly., 
General Theory 
X-ray diffraction effects that occur from a perfectly crystalline 
material are well separated from the direction of the incident x-ray beam 
and are sharply defined. On the other hand, materials having non-periodic 
structure or possessing a perturbed lattice give rise to extended regions 
of scattering in the angular ranges between successive Bragg reflections. 
It has also been shown that samples containing small scattering heteroge-
neities (of the order of 10 to 1000 times that of the incident wavelength, 
\) will give rise to continuous scattering effects in the neighborhood of 
the primary beam. For x-rays normally used in diffraction studies (having 
o o 
X = 1 to 2 A), particles ranging from 10 to 100 0 A may be investigated. 
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The condition for diffraction to occur is that the reciprocal 
lattice node must intersect the Ewald sphere (a sphere whose radius, S /X, 
is directed toward the [000] node of the reciprocal space). The direction 
—-» 
of the diffracted beam is then given by the vector S drawn from the cen-
ter of the Ewald sphere to the point of contact on this sphere. A dif-
fraction effect is always expected to occur in the direction of the primary 
beam, since the reciprocal lattice nodes are all identical in that there 
is one at (000) which corresponds to the direction of the main beam. How-
ever, in "perfect" crystals this diffraction extends to such small angles 
that it is not visible. 
In the vicinity of the (000) region of the reciprocal space the 
—> 
scattered intensity I, as a function of s, is given by the following re-
lationships ° 
I(s) = f̂ r- K s ) 2 (1) 
c 
where s - (S - S )/X and |s| = ^2 sin Q/X = e/X, and F is the structure 
factor or the scattering ability of the unit cell. F is thus related to 
the electron density of the unit cell; V is the volume of the unit cell, 
7 c 
and V is the irradiated volume; S(s) is related to the shape of the node 
in reciprocal space which in turn is related to the shape of the real parti-
cle; S(s) may be calculated for many regular particle shapes. For N unit 
cells of volume V , N = V'/V , the intensity: 
c ' c 
IN(s) = | L K s )
2 f = F" K s ) 2 • (2) 
C C V 
C 
Now (F/'V ) = p, the electron density, i.e., electrons per unit volume 
Therefore 
IN(s) = p
2 s(^)2 . (3) 
The above is true only when the heterogeneity of electron density p is em-
bedded in a matrix of zero electron density, i.e., a vacuum. In the more 
general case of a matrix of electron density p , the intensity scattered 
by a single particle containing N unit cells can be written as: 
i(2) = (P-po)2 i(s)2 . (4) 
Mathematical Model 
In the following discussion it will be assumed that the heterogenei-
ties are Identical and randomly oriented,, Also, the average volume occupied 
by each particle is large compared with the volume of the particle. Under 
these assumptions there is no interference of scattered x-rays between the 
particles, and the intensities diffracted by the various particles simply 
add. It Is to be noted that l(s) is independent of the direction of s, 
hence I.(s) = l(s), where |s| = s, 
To evaluate Equation (k) it is necessary to obtain the average value 
of S(s). For spheres E(s) can be shown to be: 
S ( s ) = ^ IT a 3 $ 2 (2TT a s ) 
where 
o 
•(2TT a s ) = [ 3 ( s i n 2TT a s - 2n a s cos 2rr a S ) / ( 2 T T a s ) J ] 
6l 
Thus, Equation (̂4-) may be written as 
I ( s ) = | (P-PQ) 3 ^
 a s in 2TT a s - 2TT a s cos 2TT a s 
(2rr a s) 3 ] 
Thus3 the theoretical scattered intensity for such a shape may be calculated, 
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Guinier has shown that S(s) may be approximated by an exponential 
series if It is assumed that small-angle scattering follows a simple exponen-
tial law. The Guinier approximation is given in Equation (5) below for the 
spherical particles of radius r; 
Ks) = (P-P0)
2 V2 exp [-1 
1 + 2 2 2 
rr r s (5) 
A more general form of which expresses the intensity l(s) as a function of 
the radius of gyration (R) of the particle is given in Equation (6) below: 
Ks) = (P"P0)
2 V2 exp 
) 2 2 2 
-4TT s R 
2 -kn2 e2 R2 





where n i.s the number of elective scattered electrons and s = (e/X) . The 
radii of gyration for various shapes are known. From the above it is seen 
that if the logarithmic of the scattered intensity is plotted as a function 
2 
of the scattering angle e (Equation (6)), the slope can be used to obtain 
2 
R directly. 
The total volume of the heterogeneity can be obtained by calculating 
q O 
the integrated small-angle scattered intensity Q, . It has been shown 
that Q, is given by: 
o 
Q, = hn 
o 
s l(s) ds (7) 
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when a point-shaped beam is used. For a line-shaped beam, if t is the 
height of the infinitely narrow beam, this transformation becomes: 
kn ] s [ I(s+t) dt ds . (8) 
o o 
This integral represents the total scattering power in the neighborhood of 
the (000) node, in the first part of the reciprocal space Also, Q can be 
related to the total volume and the volume fraction of the scattering 
particle in the following manner: 
>o = Va \ Vz (P-Po>2 ^ ' (9) 
where 
V = atomic volume 
a 
n = number of zones per unit volume 
z 
V = volume of single zone z 
C = n V = volume fraction of the zones 
z z z 
Measurement of Relative Absolute Intensity with a Calibrated Sample 
The relative absolute intensity of a small-angle x-ray scattering 
is the ratio of the diffracted intensity to that of the primary beam. The 
techniques employed for small-angle scattering studies are mostly designed 
for relative measurements of intensities of the order of the scattered x-
ray. Thus, the large primary beam energy cannot be simultaneously measured 
since, in general it exceeds the scattered radiation by several orders of 
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magnitude. To overcome this difficulty a pretreated Lupolen standard was 
used. This standard had previously been calibrated by Professor 0. Kratky, 
as has been mentioned earlier. The calibration involved the determination 
of small-angle scattering of the Lupolen on an absolute scale at an angle 
o 
corresponding to a Bragg value of 150 A. This was done using the complex 
35 rotator method . The absolute intensity scattered by a specimen under 
investigation can be determined easily by using a comparison method out-
lined below. 
Let the primary energy weakened by the scattering sample be P . 
Then, if P is the energy per unit length of the primary beam weakened by 
the calibration sample, and the attenuation factors of the scattering and 
the calibration sample are A and A , respectively, 
s c7 ' 
Ps= Pc[^] ^ 
c 
31? 
It has been shown by Kratky that, 
(counts/min.) 150 A 
Pc = I f-2 a » ^ 
where K = constant for the calibration sample, 
a = distance between sample and plane of registration, in cms., 
2 
F = detector slit area, in cm . 
The (counts/min.) , 150 A for the calibration sample depends on the 
exit and entrance slits combination used for the collimation of the primary 
beam and is determined separately for each combination used. 
The combination of Equations (l) and (2) yields 
Gh 
( c o u n t s / m i n . ) 150 A A 
p
s = I • w-* •
 a • r • <12> 
c 
The value of l/(K x A ) was found to "be 92.2 for the Lupolen sample 
used for the present investigation. By normalizing the intensity scattered 
at any angle by P , and comparing one angle with another, say at zero 
scattering angle, it is possible to cancel out the area F of the counting 
slit and thus obtain the relative absolute intensity. 
APPENDIX B 
SAMPLE CALCULATIONS 
Zone Radius Calculations 
The simplified form of Equation (6) of Appendix A is as follows 
Rn = 5~ / i X *J~2 
G 2TJ J log1() e 
where R is the Guinier radius and p is the slope of the linear portion 
G 
2 
of the curve of log I as a function of e . 
For as-quenched Al, 2.U6 percent Zn, 0.72 percent Mg, 
R 
ZT\ J l o g 1 Q e 
(1.5U) / l o g 82.69 - l o 7 1 c ~ 9 3 = 1 3 M i m 
V (12 .01-3 .37) x 10 
I n t e g r a t e d I n t e n s i t y C a l c u l a t i o n s 
Equation (7) of Appendix A may be approximated by the fol lowing 
Qo = K [ J s I ( s ) 
o 
ds 
= K s l ( s ) d s + k s l ( s ) d s 
hi 
Using the asymptotic tail approximation of Porod the l(s) in the 
I(s ) s 3 
o o 
second intergral on the right Is replaced by 5 and the first 
s 









The constant K for a sample contains certain geometrical factors 
and the transmission factor for the samples. 
In the present calculation only the absorption factor and sample 
thickness have been included In K and this is .11787 for Al, 2.k6 percent 
Zn, 0.72 percent Mg alloy and .2U787 for Al, 2.^7 percent Zn, 1.09 percent 
Mg alloy. 
As = 0.00^08. 
For Al, 2.46 percent, 0.72 percent Mg in the as-quenched state, 
see Table 5 on the following page. 
The sum of the last column in this table is as follows: 
As y E(s) . s = .280 
E(s )-s = .206 
oy o 
s . E(s) ds = .280 + .206 = .486 
.'. K ] s . f(s) ds = .059 • 






















































17 = 20 
14 ,56 
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